A series of Escherichia coli-mycobacteria shuttle plasmids for the isolation and study of gene regulatory sequences was constructed. These pJEM vectors contain an efficient transcription terminator and multiple cloning sites and allow either operon or gene fusions to lacZ. By constructing operon fusions with pJEM15, we assessed various previously characterized mycobacterial promoters in the fast-growing species Mycobacterium smegmatis and the slow-growing species M. bovis BCG. Our results suggest that M. smegmatis and M. bovis BCG RNA polymerases do not share the same specificity. To isolate new mycobacterial promoters, an M. tuberculosis DNA library was generated, using pJEM13, and screened in M. smegmnatis. Several Lac' clones were isolated, and the ,P-galactosidase activity was measured.
The genus Mycobacterium includes major human pathogens such as Mycobacterium leprae and M. tuberculosis, the causative agents of leprosy and tuberculosis, which remain serious worldwide health problems. The avirulent strain of M. bovis which has been extensively used as a tuberculosis vaccine, BCG (bacille Calmette-Guerin), is also a very attractive vector for the construction of live recombinant vaccines particularly because of its strong immunogenicity. As a result, there is currently much interest in studying the molecular biology of mycobacteria.
An important aspect of this research is the construction of genetic tools for studying gene expression in mycobacteria. Regulatory sequence-probe vectors have been extensively used to isolate and analyze regulatory sequences in many bacteria (15) . The application of such tools to mycobacteria would facilitate the study of genetic mechanisms regulating virulence in pathogenic species and the isolation of new regulatory sequences which may be useful for the development of improved recombinant BCG vaccines.
Initially, mycobacterial gene expression was studied in heterologous systems, Escherichia coli and Streptomyces lividans (5, 12, 22) . These analyses suggested that most mycobacterial genes are more efficiently expressed in S. lividans than in E. coli. Subsequently, mycobacterial plasmid-based vectors which could be used for studies in homologous systems were constructed. Vectors pYUB75 and pYUB76 were designed to select gene fusions to a truncated E. coli lacZ gene (1) . Plasmid pSD7 allows the construction of operon fusions to a promoterless chloramphenicol acetyltransferase gene (6) . With these vectors, a number of mycobacterial regulatory sequences were isolated and assessed in both E. coli and in Mycobacterium smegmatis.
In this report, we describe the construction of the pJEM series of vectors, which have several advantages: they carry a transcription terminator and convenient multiple cloning sites (MCSs) and allow both operon Plasmids and transformation. Plasmid pHP45fl, which contains the fQ interposon, plasmid pRR3, and the pNM480 series have been described elsewhere (16, 19, 20) . pJN1 (17) is a derivative of pTG959 (10) (Transgene) which harbors a cIllacZ gene fusion under the control of the PL promoter and a synthetic ribosome binding site (sRBS) (sequence shown in Fig. 2 ). The isolation of pJN3 and pJN11 is described in Fig. 1 and in the text. pJEM15 resulted from cloning into the pRR3 Scal site (i) a fragment obtained by PCR amplification (using OJN1 [5'-AAGCTTCCGATTCGTAGAGCC-3'J and OJN2
[5'-GGGCTCGAGCTGCAGTGGATGACCll TrGA-3'] as primers and pJN11 as the template) containing the transcription terminator of coliphage T4 (tT4) and the N terminus of cII, (ii) the synthetic oligonucleotides corresponding to MCS1, and (iii) the HindIII-DraI lacZ' fragment from pNM480. pJEM12 to -14 were obtained by cloning the PCR-amplified fragment described above into the ScaI site in pRR3. The synthetic oligonucleotides corresponding to MCS2 were then inserted. Finally, each of the three forms of the pNM480 series was introduced into the HindIII site in MCS2. The fragments containing pblaF* (25),pAN (17) , and pgroES/EL1 (27) were obtained as previously described by in vitro PCR amplification and cloned into the MCS1 in pJEM15 to give pJN30, pJN31, and pJN32, respectively. The psul3 promoter was isolated as a 344-bp BamHI-KpnI fragment of pIPC1 (13) and similarly cloned into pJEM15 to give pJN32. Bacteria were transformed by electroporation as described elsewhere (9) . Electroduction between M. smegmatis and E. coli was performed by the method of Baulard et al. (2) at 200 fQ, 2,500 V, and 25 ,uF, using a Gene Pulser (Bio-Rad).
DNA manipulation and construction of the M. tuberculosis gene library. Standard recombinant DNA techniques were carried out as described previously (21) . The genomic DNA library of M. tuberculosis isolate 103 (obtained from a tuberculous patient; laboratory collection) was produced by cloning partially Sau3AI-digested DNA (size, 0.2 to 2 kbp; purified from a sucrose gradient) into pJEM13 linearized with BamHI and dephosphorylated with bacterial alkaline phosphatase. The resulting library was composed of approximately 1,200 E. coli clones containing recombinant plasmids. After amplification on LB-X-Gal plates, the clones were pooled and plasmid was prepared. The resulting plasmid library was then used to electroporate M. smegmatis. P-Galactosidase assay. ,3-Galactosidase activity was assayed in sonicated extracts of M. smegmatis and BCG clones by the method of Pardee et al. (18) . Experiments were carried out in triplicate. Units of P-galactosidase were calculated by the following formula: 200 X optical density at 420 nm per milligrams of protein per minute. Soluble protein in bacterial extracts was measured by the Bio-Rad assay.
RESULTS AND DISCUSSION
Construction of pJEM vectors. Ideally, a promoter-probe plasmid vector should contain five elements: (i) a replicon, (ii) a selectable marker, and a reporter cassette containing (iii) a transcription terminator followed by (iv) MCSs and (v) a reporter gene devoid of its regulatory sequences.
To construct a promoter-probe plasmid for mycobacteria, we used the Mycobacterium fortuitum plasmid pAL5000 replicon and the kanamycin resistance gene (aph) from Tn9O3 (20) .
These genetic elements are the basic components of most plasmids currently used for transformation of mycobacteria. They appear to confer a high stability to transformed M. smegmatis and M. bovis BCG clones both in vitro and in vivo (in mice) even in the absence of drug selection (17) . To facilitate the preparation and manipulation of episomal DNA, most of these plasmids also contain an E. coli replicon. Thus, we chose the pRR3 backbone, an E. coli-mycobacteria shuttle vector which contains these three genetic elements (20) .
No mycobacterial transcription terminator has yet been characterized. To examine whether tT4 was active as a termination site for mycobacterial RNA polymerases, the omega interposon (f) (19) was cloned into plasmid pJN3, upstream from the sRBS-cII-lacZ element, generating pJN11 (Fig. 1) . The ft fragment is composed of a streptomycin-spectinomycin resistance gene flanked by short inverted repeats containing tT4. Insertion of fl into a DNA fragment leads to termination of RNA synthesis in E. coli (19) . pJN3 was constructed by cloning into the Scal site of pRR3 a cassette composed of a truncated lacZ associated to an sRBS and the 5' extremity of the lambda phage regulatory gene cIM and PL promoter (Fig.   1 ). M. smegmatis mc2155 was transformed with pJN3 (PLsRBS-II-lacZ) or pJN11 (pL-Qf-sRBS-cII-lacZ) by electroporation and plated on LB-X-Gal plates. pJN3 transformants gave blue colonies, and pJN11 transformants gave white colonies. The P-galactosidase activity in M. smegmatis(pJN11) was 50 times lower than that in M. smegmatis(pJN3) ( Table 1) . Thus, tT4 in the fl insert is an efficient transcription terminator in M. smegmatis.
A DNA fragment containing the tT4 segment followed by the sRBS-cII-lacZ element from pJN11 was synthesized in vitro by PCR amplification. An MCS (MCS1) containing six unique restriction sites was added. The resulting cassette was then cloned into the ScaI site of pRR3, giving the operon fusion vector pJEM15 (Fig. 2) . Electroporation of M. smegmatis and BCG with this plasmid resulted in white colonies on LB-kanamycin-X-Gal plates with a very low P-galactosidase activity (Table 1 ). In contrast, E. coli(pJEM15) expressed higher P-galactosidase activity and consequently was blue on LB-X-Gal plates (data not shown). This is probably due to its high copy number. In E. coli, pUC vectors are present at a high copy number (over 500), where as in mycobacteria, pAL5000 replicon-derived plasmids have a copy number of approximately 3 to 10 (11). Testing DNA fragments for promoter activity, using pJEM15, by blue-white screening should thus be carried out directly in mycobacteria.
To obtain vectors allowing gene fusions to lacZ, we followed a similar strategy. The three forms of truncated lacZ from the pNM480 series (16) , which differ from each other in the translation phasing of a HindIII site located at its 5' extremity, were cloned downstream of tT4, and an MCS (MCS2) containing seven unique restriction sites was inserted into the ScaI site of pRR3. The resulting plasmids, pJEM12 to -14 ( Fig. 2) , thus allow the cloning of a wide range of restriction fragments in frame to lacZ.
Assessment of various promoters in M. smegmatis and BCG. Operon fusions between the cTI-lacZ reporter cassette of pJEM15 and the promoterspAN (17),pblaF* (25),psu13 (13) , and pgroES/EL1 (8) (27) were constructed. The activities of these promoters were assessed in the fast-growing M. smegmatis and in the slow-growing M. bovis BCG. The first three promoters were isolated from mycobacterial species: pblaF* is an up mutant ofpblaF, which drives the expression of the M.
fortuitum P-lactamase gene; pAN andpsul3 are components of mobile genetic elements, M. paratuberculosis IS900 and M. fortuitum Tn6WO, respectively. These promoters have been located on the basis of transcription start site mapping (pblaF* andpAN) or by deletion analysis (psul3) (24) . pgroES/EL1 is a promoter from Streptomyces albus which regulates the expression of the groES/EL1 operon and is active in both M. smegmatis and BCG (27) .
The cloning experiments were performed directly in M. smegmatis. DNA Cloning and assessment of M. tuberculosis gene regulatory sequences. A library of partially Sau3AI-digested M tuberculosis DNA was generated in E. coli, using vector pJEM13. Nearly 1,200 clones containing recombinant plasmids were obtained, of which 18% were blue on LB-kanamycin-X-Gal plates. Plasmid DNA from 10 colonies was analyzed. The plasmids carried inserts ranging from 0.2 to 1.5 kbp (data not shown). After amplification and pooling of all kanamycinresistant E. coli clones, plasmid DNA was prepared and used to electroporate M smegmatis. Transformants were selected on LB-kanamycin-X-Gal plates, and approximately 12% of the colonies were blue. Sixteen M smegmatis colonies exhibiting different intensities of blue were selected for P-galactosidase assays, in parallel to M smegmatis(pJEM13) as a control (Fig. 3) . Most clones expressed only weak P-galactosidase activity (eight ,B-galactosidase units for clone 3), and P-galactosidase activity was not detected in the M smegmatis-(pJEM13) control. However, clones 1 promoter activity in M. smegmatis resulting from our experiments (12%) is much higher than the 1 to 2% obtained by Das Gupta and collaborators (6) . We suggest that this may be due 1500o-*to a higher sensitivity of the lacZ system than the chloram-1 phenicol acetyltransferase system used by these authors. It is possible that selection for resistance to chloramphenicol prevented the isolation of weak promoters.
In conclusion, the family of vectors that we constructed 1000i might facilitate the study of gene expression in mycobacteria.
A wide range of fragments can readily be cloned in frame to lacZ' (gene fusion) or upstream of cII-lacZ (operon fusion) and be assessed for promoter activity by blue-white screening of mycobacterial transformants on LB-X-Gal plates. Subse 
